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Summary
Objective: To clarify the relationship between type or direction of cartilage injury and its repair process, we
investigated defects produced in rat knees histologically, immunohistochemically, and histomorphometrically.
Methods: A full-thickness cartilage injury (1 mm wide and 5 mm long) was produced on the patellar groove of one
knee (L-injury) and transversely on the other knee (T-injury) in 42 male Wistar rats. Six rats each were sacrificed at
1, 2, 3, 4, 6 and 8 weeks after surgery, and cartilage tissues were obtained, prepared into 4 mm-thick histologic specimens,
and stained with hematoxylin and eosin. Cartilage thickness, cartilage area, and surface roughness were measured
using a computer system. Localization of S-100 proteins was evaluated with immunohistochemistry.
Results: Grossly, there were no difference in repair process between L- and T-injuries. However, histological and
histomorphometric differences became apparent after the third week: cartilage thickness, repair area, and surface
roughness showed better recovery in L-injury than in T-injury. Appearance of S-100-positive protein preceded the
appearance of chondrocytes, and L-injury presented S-100 in the entire defect while S-100 in T-injury appeared mainly
on the margins of the defect.
Conclusions: Repair mechanism of cartilage injury differs according to injury direction. Better repair can be
obtained in the injury which is parallel to the direction of joint motion.
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Introduction
Articular cartilage is one of the tissues rather
difficult to repair following injury. Many studies
[1–27] demonstrated that repair of articular
cartilage after injury is influenced by the depth,
width, and site of the injury; joint motion after
injury; and maturity level of each individual. In
human joint trauma, the sagittal or coronal
fracture of the condyles of the femur is an example
of cartilage injury, and patellar fractures can be
classified into transverse, oblique, longitudinal,
and comminuted fractures. However, there has
been only limited information on the relationship
between type or direction of cartilage injury and its
repair.
In the present study, we investigated the repair
process of longitudinal (parallel to joint motion)
and transverse (perpendicular to joint motion)
cartilage injuries produced on rat knees, by using
histologic, immunohistochemical, and histo-
morphometric techniques. Histomorphometry al-
lows more subjective evaluation compared to
conventional qualitative monitoring, and the
measurement system for histomorphometry [28, 29]
was developed in order to quantitatively assess the
repair process of cartilage defect. We also analyzed
whether there is any difference in the repair
process and outcome, according to the direction of
injury.
On the other hand, S-100 protein has been used
as a marker for cartilaginous cells in the tissues
[30]. In the present study, localization of S-100
protein was examined in order to detect the
chondrogenesis in new repair tissues, and to
evaluate the difference in the repair process,
according to injury type.
Materials and Methods
The experimental protocol was approved by the
Ethics Review Committee for Animal Experimen-
tation in Kyoto Prefectural University of Medicine.
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procedures
Forty-two male 7-week-old Wistar rats, with a
body weight of 170 g, were utilized in this study.
The rats were anesthetized by an intra-abdominal
administration of sodium pentobarbital 0.2 mg. A
medial parapatellar incision was made and
arthrotomy was performed using a sterile tech-
nique. The patella was dislocated laterally and the
patellar groove was visualized. The position of a
full-thickness cartilage injury (1 mm wide and
5 mm long) was marked, and the injury was
produced by using a twin-blade under a micro-
scope, longitudinally on the patellar groove of one
knee (L-injury) and transversely on the other knee
(T-injury) [Fig. 1]. Bleeding from the bone marrow
when the injury reached the subchondral bone,
shows that a full-thickness defect was created.
With this procedure, identical defects were
produced in the animals. After the joint was
irrigated with sterile saline, the incision for the
capsule and the synovium was closed with running
suture using a 5-0 prolene thread, and the skin was
closed with running mattress suture using a 4-0
nylon thread. Postoperatively, three animals each
were fed in a 40 (W) × 45 (D) × 30 (H) cm cage, and
they were allowed to move freely.
As the controls, eight rats at 8 weeks old and
with a standard body weight were sacrificed in
order to obtain the baseline of cartilage thickness
and surface roughness, which was used to obtain
percentage changes in L- and T-injuries in the
experimental animals. In order to minimize the
number of animals, controls for each week-age
were not prepared.
histological examination
Six rats each were sacrificed at 1, 2, 3, 4, 6, and
8 weeks by intracardiac injection of euthanasia
solution. The condyles were obtained, fixed in 10%
neutral buffered formalin for 72 h, decalcified with
14% ethylenediaminetetraacetic acid (pH 7.2) for 2
weeks at room temperature, and then embedded in
paraffin. The specimens of L-injury were cut into
4 mm sections on the coronal plane, and those of
T-injury were cut on the sagittal plane, in order to
investigate the transverse sections of the cartilage
defects. For each injury type, several sections were
prepared from the central part of the longitudinal
and transverse defects, and they were stained with
hematoxylin and eosin (HE) for light microscopy.
For examination, one specimen with the best
quality for each animal was selected, and a total of
six sections for each type of injury was analyzed at
each time point.
histomorphometry
The specimens were prepared into 4 mm-thick
sections as described above, and examined by
using a color image analysis system in order to
observe the surface roughness by means of color
threshold (Oncor Instrument Systems, Gaithers-
burg, U.S.A.). Video images of a HE-stained
specimen were captured by a high-definition video
processing board of the computer and stored. They
were processed and visualized on a high-resolution
color monitor [magnification, ×96; Fig.2(a)] by
which investigators can identify the difference
between normal and repair tissue. With this
system, cartilage thickness (distance between the
subchondral plate and the surface at the highest
level), cartilage area (repair tissue which filled the
defect), and surface roughness, in the 1 mm-wide
defect were obtained quantitatively as three
parameters by using the methods described
elsewhere [28, 29] [Fig. 2(b)].
With these morphometric data, the ratio of data
from the experimental animal to the data from the
controls were obtained. With the two-way analysis
of variance (ANOVA), we examined group differ-
ences for the ratios of cartilage thickness
(experimental/control), of cartilage area, and of
surface roughness. In addition, statistical signifi-
cance of the group difference for each of the three
parameters at each time point was analyzed with
the Bonferroni/Dunn post hoc comparison. P
values less than 0.05 were considered statistically
significant.
immunohistochemistry for S-100 protein
Four micrometer-thick sections were de-
paraffinized with xylene, washed 3 times with
0.05 m phosphate buffer saline (PBS), reacted with
rabbit anti-S-100 antiserum (DAKO, Tokyo) as the
Fig. 1. Surgically created longitudinal (L-injury) and
transverse (T-injury) defects on the cartilage. A
full-thickness defect is 1 mm wide and 5 mm long, and it
is produced by a twin-blade in the patellar groove of
Wistar rats.
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Fig. 2. (a) The image analysis system. A histologic
section under a microscope is monitored using a
high-resolution color video camera. Video images are
captured by a high-definition video processing board of
the computer, processed, and shown on a high-resolution
color monitor. With this system, three histomorphomet-
ric parameters (cartilage thickness, cartilage area, and
surface roughness) can be measured. (b) Typical
transverse section of a histologic specimen visualized on
the monitor of this image analysis system.
weeks, the color changed to milky white similar to
the surrounding normal cartilage. Eight weeks
after the surgery, the height of repair tissue
reached the level of adjacent normal tissue.
Grossly, there were no differences between the L-
and T-injuries.
histological findings
One week after the surgery, both the L- and
T-injuries had the defects which reached to the
tidemark depth of the adjacent normal cartilage,
and the bottom of the defect was filled mainly with
spindle- or oval-shaped poorly differentiated mes-
enchymal cells. The extracellular matrix of the
normal cartilage located adjacent to the defect
became slightly prominent towards the defect [Fig.
3(a) and (b)]. Two weeks after the surgery, repair
tissue filled the defect, and reached to half the
height of the adjacent normal cartilage in both
types of injury. The mesenchymal cells in the
middle layer of the repair tissue became round in
Fig. 3. (a) L-injury one week after the surgery (HE
staining, ×100). Spindle-shaped, undifferentiated mes-
enchymal cells were found, and there was formation of
blood vessels in the deep layer of the defect. (b) T-injury
one week after the surgery (HE staining, ×100). The
defect, was filled with undifferentiated mesenchymal
cells.
primary antibody for 2 h at room temperature,
washed 5 times with PBS, reacted with biotin-bind-
ing monoclonal antibody (Nichirei, Tokyo) as the
second antibody for 30 min at room temperature,
and washed again with PBS. Then, avidine–biotin
peroxidase was applied to the specimen in order to
produce ABC complex, and it was stained with
diamino-benchidine (DAKO). Methyl green was
also used for nuclei staining.
Results
post-operative condition and gross findings
After surgery, the animals moved mainly by
using the upper extremities and crimped the
treated legs for several hours, but later their
movement became almost normal.
In macroscopic observation of the knees of the
sacrificed rats, tissues in the defect one week after
the surgery contained light-brown fibrin clots, and
there was no infiltration of pannus-like tissue.
Three weeks after the surgery, the defect was
covered with white repair tissue, and at later
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Fig. 4. (a) L-injury in the second week. Repair tissue
consisted of undifferentiated mesenchymal cells. The
mesenchymal cells in the deep level of the repair tissue
became round in shape. (b) T-injury in the second week.
Repair tissue did not reach the surface level of the
normal articular cartilage which was located immedi-
ately adjacent to the defect. Synthesis of wavy bone was
progressed.
was still depressed compared to the surface of the
adjacent normal cartilage [Fig. 5(b)], and in the
lower part of the repair tissue, new bone was
generated even at the level higher than the
adjacent normal subchondral bone. Mesenchymal
cells at the periphery of the defect also became
round in shape. In the fourth week, chondrocyte-
like cells appeared in the defect, and the surface of
the repair tissue was still depressed [Fig. 6(b)]. In
the sixth week, differentiation of mesenchymal
cells into chondrocyte-like cells was more apparent
in the peripheral area of the defect than in the
central area, and migration of extracellular matrix
from the adjacent cartilage [2, 23] towards the
defect was observed [Fig. 7(b)]. In the eighth week,
the defect was further narrowed because of the
migration of extracellular matrix from adjacent
cartilage and the increase of chondrocyte-like cells
in the repair tissue. However, chondrocyte-like
cells were aligned randomly, and the extracellular
Fig. 5. (a) L-injury in the third week. Group of
chondrocyte-like cells (arrowheads) was found in repair
tissue. (b) T-injury in the third week. The surface of the
repair tissue was still slightly lower than the surface of
the adjacent normal cartilage. New bone was formed in
an upward direction, and it exceeded the level of the
subchondral bone of the normal cartilage. The mes-
enchymal cells at the periphery of the repair tissue
became round in shape (arrowheads).
shape, and in the bottom of the repair tissue, bony
tissue and blood vessel were generated [Fig. 4(a)
and (b)].
The difference between L- and T-injuries became
apparent after the third week. In L-injury after the
third week, the defect was completely covered with
repair tissue, and chondrocyte-like cells appeared
among the mesenchymal cells in repair tissues
which filled the defect [Fig. 5(a)]. In the fourth
week, the superficial layer was lined by prolifer-
ated chondrocyte-like cells, and chondrocyte-like
cells were also found within the bony tissue which
was formed in the bottom of the defect [Fig. 6(a)].
In the sixth week, the layer of chondrocyte-like cell
became thicker [Fig. 7(a)]. In the eighth week,
chondrocyte-like cells arranged radially from the
superficial layer. Morphology, cell density, and
extracellular matrix of the new tissue were similar
to those of a hyaline cartilage [Fig. 8(a)].
In the T-injury, the number of chondrocyte-like
cells at the periphery increased in the third week.
At that time, the surface layer of the repair tissue
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Fig. 6. (a) L-injury in the fourth week. Chondrocyte-like
cells lined in the middle layer of the repair tissue, and
new cartilaginous tissue appeared (arrowheads). (b)
T-injury in the fourth week. Chondrocyte-like cells
appeared in the margin of the defect.
cally, repair tissue in L-injury became thicker than
T-injury (P Q 0.05 in the eighth week, post hoc
comparison). These results showed that L-injury
had better recovery than T-injury.
Ratio of cartilage (repair tissue) area in the
experimental animals to the corresponding area in
the control (Fig. 10)
This ratio shows repair area within the
1 mm-wide defect of the experimental animal, and
a larger ratio indicates better recovery. In
L-injury, the ratio of cartilage (repair tissue) area
in the experimental animal to the corresponding
area in the control increased from 15.1 2 8.4% in
the first week to 25.5 2 8.6% in the second week,
77.6 2 16.3% in the sixth week, and 105.5 2 19.1%
in the eighth week. In T-injury, the ratio increased
from 36.2 2 13.3% in the first week to 40.4 2 5.5%
in the second week, 52.1 2 13.1% in the sixth week,
and 59.5 2 14.1% in the eighth week. The increase
of cartilage area in T-injury was smaller than in
L-injury. With ANOVA, there was significant
Fig. 7. (a) L-injury in the sixth week. The layer of
chondrocyte-like cells became thicker. (b) T-injury in the
sixth week. Extracellular matrix migrated from the
adjacent normal tissues towards the defect. Differen-
tiation of mesenchymal cells into chondrocyte-like cells
became more apparent in the margin of the defect than
in the central area.
matrix of the repair tissue did not have well-inte-
gration. This morphology was very different from
hyaline cartilage and the surface of the repair
tissue was rougher than L-injury [Fig. 8(b)].
histomorphometric findings
Ratio of cartilage (repair tissue) thickness in
the experimental animals to corresponding
thickness in the control (Fig. 9)
In this ratio, a larger number indicates better
recovery. In L-injury, the ratio of repair cartilage
thickness in experimental animals to that of the
control was: 29.0 2 10.2% (mean 2 s.d.) in the first
week, 28.5 2 4.2% in the second week,
51.8 2 17.0% in the third week, 62.5 2 10.2% in the
fourth week, 74.7 2 11.8% in the sixth week, and
97.1 2 15.8% in the eighth week. In T-injury, the
ratio was: 39.9 2 19.7% in the first week,
40.0 2 5.6% in the second week, 44.8 2 9.3 in the
third week, 62.7 2 14.1% in the fourth week,
67.1 2 12.8% in the sixth week, and 67.6 2 20.1% in
the eighth week. ANOVA showed there was a
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Fig. 8. (a) L-injury in the eighth week. Immediately
below the surface was the well developed layer similar
to typical articular cartilage containing radially
oriented chondrocyte-like cells. In the majority of the
specimens, excellent repair was confirmed. (b) T-injury
in the eighth week. Chondrocyte-like cells were still
randomly present, and the extracellular matrix of the
repair tissue was less integrated than in L-injury. The
surface of the repair tissue was rougher than L-injury.
Fig. 9. Cartilage (repair tissue) thickness in L- and
T-injuries. Data are shown as the ratio of thickness in
experimental animals to the thickness in the control (%,
mean 2 s.d.). Cartilage thickness increased with time,
and the increase was significantly larger in L-injury
than in T-injury in the second and eighth weeks.
*P Q 0.05 (Bonferroni/Dunn post hoc comparison).
Immunohistochemical findings (presence of
S-100 proteins)
In the first week, S-100 protein was not detected
in both types of injury. In the second week, S-100
protein appeared in both injuries, and it was found
mainly on the margin of the repair tissue [Fig. 12(a)
and (b)].
In L-injury, chondrocyte-like cells appeared in
the deep layer in the 3rd week, and they were S-100
positive. In the fourth week, chondrocyte-like cells
in the middle layer of repair tissue were positive to
S-100; and in the sixth and eighth week,
S-100-positive cells were chondrocyte-like cells,
and these cells were surrounded by extracellular
matrix at a high maturity level [Fig. 13(a)].
group difference (P Q 0.0001). The area in the
eighth week became significantly different be-
tween the groups (P Q 0.05, post hoc comparison).
These results show that L-injury had better
recovery than T-injury.
Ratio of surface roughness in the experimental
animals to that of the control (Fig. 11)
In this ratio, a smaller number indicates a
smoother surface. In the first week, the ratio in
L-injury (72.7 2 22.8%) and that in T-injury
(68.0 2 14.7%) were similar. However, the ratio in
L-injury became lower than T-injury, and there
was a significant difference (P Q 0.05, post hoc
comparison) in the eighth week, i.e., 49.6 2 22.0%
in T-injury and 29.3 2 9.7% in L-injury. ANOVA
also showed a significant group difference
(P Q 0.05). These results show that L-injury came
to have a smoother surface than T-injury.
Fig. 10. Cartilage (repair tissue) area in L- and
T-injuries. Data are shown as the ratio of repaired area
in experimental animals to the corresponding cartilage
area in the control (%, mean 2 s.d.). Increase of repaired
area was significantly larger in L-injury than in T-injury
in the eighth week. *P Q 0.05 (Bonferroni/Dunn post hoc
comparison).
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Fig. 11. Surface roughness of repair tissue in L- and
T-injuries. Data are shown as the ratio of roughness in
experimental animals to the roughness in the controls
(%, mean 2 s.d.). Repair tissue in L-injury had smoother
surface than T-injury in the third–eighth weeks.
*P Q 0.05 (Bonferroni/Dunn post hoc comparison).
Fig. 13. (a) Immunohistochemical staining for S-100
protein in L-injury in the eighth week. S-100-positive
cells were chondrocyte-like cells, and they were
surrounded with matured extracellular matrix. (b)
Immunohistochemical staining for S-100 protein in
T-injury in the eighth week. S-100-positive cells were
present mostly on the margin of the repair tissue, and
only few were found in the central area.
In T-injury, S-100-positive cells were found in the
third and fourth week in a layer formed on the new
bone generated on the bottom of repair tissue; and
in the sixth and eighth weeks, chondrocyte-like
Fig. 12. Immunohistochemical staining for S-100 protein
in the 2nd week. Some undifferentiated mesenchymal
cells in the margin of the repair tissue were positive to
S-100 protein in both types of injury. (a) L-injury. (b)
T-injury.
cells which appeared on the margin of repair
tissue, became S-100 positive, while a number of
positive cells in the middle layer was not large
[Fig. 13(b)].
Discussion
repair pattern of damaged articular
cartilage
Major repair process of L-injury was started
from the differentiation of mesenchymal cells
which appeared in the bottom of the defect,
whereas that of T-injury was started by the
differentiation of mesenchymal cells and the
migration of extracellular matrix [2, 27] from the
surrounding normal cartilage towards the defect
[Fig. 14].
Hultkrantz [33] reported in 1898 that the split
lines which appear when the cartilage surface is
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pricked with a pin, shows the alignment of fibers
in the surface layer. Jeffery et al. [34] studied
three-dimensional architecture of bovine articular
cartilage collagen, and reported that collagen was
organized in a leaf-like manner in the middle and
superficial zones, and collagen was arranged as
shown by the split-line pattern. In the present
study, L-injury was created parallel to both the
‘split-line’ and joint motion. In the repair process,
collagen fibrils are expected to be reconstructed
along the original line of the fibers. In addition,
repair of L-injury was not affected very much from
joint motion because it was parallel to the
movement direction. On the other hand, T-injury
was created perpendicularly to both the ‘split-line’
and joint motion. In this condition, mechanical
stress produced by joint movement could be the
cause of poorly organized extracellular matrix and
the rough surface of the repair tissue in T-injury.
Joint motion and synovial fluid are important to
transport chemical mediators, such as growth
factors and cytokines, to repair tissue in order to
promote chondrogenesis and to maintain cartilage
phenotype [14]. Basset [35] studied the effect of
environmental factors on bone generation in the
cultured primitive fibroblasts (mesenchymal cells),
and demonstrated that the oxygen concentration
may determine the type of matrix precursors. If
synovial fluid circulates adequately into the repair
tissue, mesenchymal cells in the repair tissue may
proliferate into chondrocytes. However, if the
circulation is inadequate, vascularization from the
bone marrow leads osteogenesis. In the present
study, chondrocyte-like cells appeared in the entire
area of the defect in L-injury, and this suggests
that synovial fluid circulation in the repair tissue
was sufficient. On the other hand, in T-injury, the
level of new bone exceeded the tidemark level in
the normal cartilage. This would be the result of
poor circulation of synovial fluid, and of a large
blood supply to the repair tissue from the bone
marrow.
histomorphometry
It is difficult to evaluate the severity of cartilage
damage due to intra-articular fracture, osteochon-
Fig. 14. Process of cartilage repair in L- and T-injuries.
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dritis dissecans, or osteoarthritis. At present,
the Scale designed by Mankin et al. [36] is
considered the most useful and it has been widely
used.
We histologically and quantitatively assessed
the healing process in longitudinal and transverse
injuries of cartilage by using a color image
histomorphometry system [28, 29]. Reproducibility
and reliability of this method (significance
level, 0.05) have been obtained, and will be
published elsewhere (personal communication;
Hacker SA, et al., California, 1997). Histomorpho-
metrically, the volume of repair tissue was larger
in L-injury than T-injury, which is attributable
to the higher level of regenerated subchondral
bone plate in T-injury. Quantification of surface
roughness showed L-injury had a smoother
surface, and this agreed with the histologic
finding.
S-100 protein in the repair tissue
Presence of S-100 protein in cartilaginous tissue
was reported for the first time by Stefasson et al.
[30]. Since then, S-100 has been used as a marker
for cartilaginous cells in normal tissue as well as
in tumors [37].
Itoi [31] reported that the increase of S-100-posi-
tive cells in cultured cartilage cells was related to
the production of type II collagen. Sugimoto [32]
immunohistochemically investigated the distri-
bution of S-100-positive chondrocytes in human
articular cartilage, and concluded that S-100
protein would be related to the metabolic activity
of the cartilage matrix.
In the present study, S-100 protein was studied
in order to find chondrogenesis and distribution
of new repair tissue. As a result, the appearance
of S-100 protein preceded the appearance of
chondrocyte-like cells, and the distribution of
S-100-positive cells was different between L-injury
and T-injury. In L-injury, the number of S-100-
positive chondrocyte-like cells increased in the
entire defect during the study period. In contrast,
in T-injury, S-100-positive cells were found mostly
in the periphery of the repair tissue, and only few
were found in the central area of the defect.
These findings also indicate better repair in
L-injury than T-injury. In addition, when the
above-mentioned Itoi’s findings are referred to,
our findings indicate the production of a larger
volume of type II collagen in L-injury, and a
larger volume of type I collagen in T-injury.
However, this point was not examined in depth in
this study, and will be investigated in another
study.
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